Introduction
Mitogen-activated protein kinases (MAPK) are a family of serine/threonine protein kinases [1, 2] . One of three subfamilies of MAPKs is extracellular signal-regulated kinases (ERK). ERKs are activated by a phosphorylation-dependent mechanism. After phosphorylation, cytosolic ERKs translocate into the nucleus to activate a discrete set of transcription factors to regulate gene expression [3] . In addition, a specific sub-pool of ERKs resides at peripheral synaptic sites and phosphorylates local substrates to modulate synaptic transmission [4] [5] [6] [7] . As a kinase that is abundantly expressed in postmitotic neurons in widespread regions of adult mammalian brains [8] and is sensitive to changing cellular and synaptic input, ERKs are actively involved in the transcriptional and local regulation of cellular and synaptic activities and are linked to a variety of neurological and neuropsychiatric disorders [9] [10] [11] .
Acetylcholine (ACh) is a principal transmitter in the central nervous system. The transmitter interacts with nicotinic and muscarinic receptors to achieve its action. Muscarinic ACh receptors (mAChR) are G protein-coupled receptors and five subtypes of mAChRs have been identified, named M 1 -M 5 [12] . M 1 , M 3 , and M 5 receptors are coupled with G q proteins, whereas M 2 and M 4 receptors are coupled with G i/o proteins [13] . Thus, activation of M 1 , M 3 , and M 5 receptors stimulates phospholipase Cβ1
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ACh in the dopamine responsive regions, i.e., the striatum and medial prefrontal cortex (mPFC), is of particular importance. In these regions, ACh and dopamine are thought to form a dynamic balance to maintain local homeostasis. Indeed, activating mAChRs, predominant cholinergic receptors in the striatum and mPFC [14, 15] , suppressed motor responses to dopamine stimulation, while blocking mAChRs augmented them [16] [17] [18] . Similarly, non-selective mAChR antagonists (scopolamine and atropine) potentiated the efficacy of dopamine in stimulating gene expression [16] [17] [18] [19] [20] [21] . However, while the dopaminemediated regulation of ERK phosphorylation has been thoroughly investigated [7, [22] [23] [24] [25] , the ACh regulation of ERK phosphorylation via mAChRs is poorly understood in both the striatum and mPFC.
We thus conducted experiments to explore the role of mAChRs in regulating ERKs in adult rats in vivo. By targeting synaptic ERKs, we first carried out a timecourse study to investigate the time-dependent effect of the mAChR antagonist scopolamine on phosphorylation and expression of ERKs in the two striatal subdivisions, caudate putamen (CPu) and nucleus accumbens (NAc), and mPFC. We then investigated the role of dopamine D1 receptors (D1R) in the scopolamine-stimulated ERK phosphorylation by testing the effect of a D1R antagonist SCH233909 on the scopolamine-stimulated ERK phosphorylation in the three brain regions. Finally, the effect of a dopamine D2 receptor (D2R) antagonist eticlopride on the scopolamine-stimulated ERK phosphorylation was tested.
Materials and Methods

Animals
Male Wistar rats weighting 240-410 g from Charles River (New York, NY) were used in this study. All animals were housed at 23 °C and humidity of 50 ± 10% with food and water available ad libitum. The animal room was on a 12/12 h light/dark cycle with lights on at 0700. Animal use procedures were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee.
Systemic Drug Injection and Experimental Arrangements
All drugs were given via an intraperitoneal (i.p.) injection at a volume of ~0.5 ml. Three experiments were carried out. The first experiment was a time-course study, in which time-dependent effects of scopolamine on ERK phosphorylation and expression of total ERK proteins were investigated. In details, rats were divided into four groups (n = 5 per group). Rats received a single dose of scopolamine (5 mg/kg, i.p.) and were then sacrificed at different time points (7.5, 15, or 30 min) after scopolamine injection. One group of rats were given an injection of saline and sacrificed immediately after saline injection to serve as controls (0 min). Brain regions of interest were collected for following Western blot analysis. The second experiment aimed to investigate whether D1R activity is required for the effect of scopolamine on ERK phosphorylation. A total of four group of rats (n = 5 per group) were used and administered with saline + saline, SCH23390 + saline, saline + scopolamine, and SCH23390 + scopolamine. SCH23390 (0.2 mg/ kg, i.p.) was given 15 min prior to scopolamine (5 mg/kg, i.p.). Rats were sacrificed 10 min after scopolamine injection for Western blot analysis. In the third experiment, four groups of rats (n = 4 per group) received different drug treatments: saline + saline, eticlopride + saline, saline + scopolamine, and eticlopride + scopolamine. Eticlopride was given at a dose of 0.5 mg/kg (i.p.) 15 min prior to scopolamine (5 mg/kg, i.p.). Rats were sacrificed 10 min after scopolamine administration. The dose of scopolamine, SCH23390 and eticlopride was calculated as the salt and was chosen due to their established effectiveness after a systemic injection based on a number of our previous studies [20, 26, 27] .
Synaptic Protein Extraction
Synaptosomal proteins were prepared as described previously [7, 28] . Briefly, rats were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and sacrificed by decapitation. Rat brains were removed and cut into coronal sections, from which the brain regions of interest, including the CPu, NAc and mPFC, were dissected on an ice-cold dissection plate. Brain tissue was homogenized in isotonic sucrose homogenization buffer containing 0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM EDTA, and a protease/ phosphatase inhibitor cocktail (Thermo Scientific, Rochester, NY). After centrifugation at 800×g for 10 min (4 °C), the supernatant was collected and centrifuged at 10,000×g for 30 min (4 °C). Crude synaptosomal plasma membranes were collected in the pellet (P2). The pellet was washed once and centrifuged at 10,000×g for 15 min. The pellet was then resuspended and solubilized in the sucrose 1 3 homogenization buffer containing 0.5% Triton X-100, 1% sodium dodecyl sulfate (SDS), 1% deoxycholic acid, 1 mM dithiothreitol, and the protease/phosphatase inhibitor cocktail, with gentle rotation (1 h at 4 °C). Concentrations of solubilized proteins were determined. Samples were stored at −80 °C until use.
Western Blot Analysis
Western blot analysis was conducted by following our previous procedures [29, 30] . We separated proteins on SDS NuPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA). Gel proteins were then transferred to polyvinylidene fluoride membranes. To immunoblot proteins on membranes, we incubated membranes with primary antibodies overnight at 4 °C. Membranes next day were incubated with a secondary antibody (1:2000) . Immunoblots were visualized with the enhanced chemiluminescence reagent (GE Healthcare Life Sciences, Piscataway, NJ). Immunoblots on films were measured using NIH ImageJ gel analysis software. β-Actin was used as a loading control. The optical density of all proteins measured was normalized to β-actin in Western blot analysis.
Antibodies and Pharmacological Agents
Primary antibodies used in the current study include rabbit antibodies against phosphorylated ERK1/2 (pERK1/2) at Thr202/Tyr204 (Cell Signaling Technology, Beverly, MA), ERK1/2 (Cell Signaling), or β-actin (Sigma-Aldrich, St. Louis, MO). Pharmacological agents, including (−)-scopolamine hydrobromide, R(+)-SCH23390 hydrochloride and S-(−)-eticlopride hydrochloride, were purchased from Sigma-Aldrich (St. Louis, MO). Scopolamine, SCH23390 and eticlopride were dissolved in physiological saline. All agents were freshly prepared at the day of experiments.
Statistics
Data in this study are presented as means ± SEM. Data were evaluated using one-way analysis of variance followed by a Bonferroni (Dunn) comparison of groups. Probability levels of <0.05 were considered statistically significant.
Results
Scopolamine Increases ERK Phosphorylation in the Striatum
To determine the regulatory role of mAChRs in synaptic ERK phosphorylation, we examined the effect of a mAChR antagonist scopolamine widely used in experimental animals on basal ERK phosphorylation. The antagonist was administered at a dose of 5 mg/kg (i.p.) [20, 21] . Rats were sacrificed at different time points (7.5, 15, or 30 min) after drug injection. Changes in phosphorylation of ERK and expression of total ERK proteins in the striatum (both CPu and NAc subdivisions) were analyzed with Western blot. We found that scopolamine induced a time-dependent increase in ERK phosphorylation in the CPu. As shown in Fig. 1a , pERK1/2 levels were elevated in the CPu 7.5 min after scopolamine injection. The elevation remained at 15 min in scopolamine-treated rats. At 30 min, the elevation in pERK1/2 declined to an insignificant level. Quantification analysis of pERK2 immunoreactive signals confirmed the time-dependent elevation of ERK2 phosphorylation in the CPu. In the NAc, similar results were observed. A rapid and transient increase in pERK1/2 levels was seen in this region (Fig. 1b) . In contrast to pERK1/2, cellular levels of total ERK1/2 proteins in the CPu and NAc were not significantly altered by scopolamine at all time points surveyed. These data demonstrate that pharmacological blockade of mAChRs results in the upregulation of ERK phosphorylation in the striatum.
Scopolamine Increases ERK Phosphorylation in the mPFC
The mPFC is another dopamine-innervated area where mAChRs are also expressed [14, 15] . We thus examined the role of mAChRs in the regulation of ERK phosphorylation and expression in this region. The mPFC was dissected from the same rats and synaptosomal samples were prepared to target the synaptic pool of ERKs. Like the results we observed in the striatum, scopolamine elevated ERK1/2 phosphorylation in the mPFC (Fig. 1c) . This elevation was time-dependent. An evident increase in pERK1/2 levels was seen as early as 7.5 min following scopolamine administration. The increase remained at 15 but not 30 min. Apparently, blockade of mAChRs in the mPFC positively regulates ERK phosphorylation.
SCH23390 Blocks Scopolamine-Stimulated ERK Phosphorylation
D1Rs, as G s -coupled receptors [31] , are expressed in striatonigral output neurons of the striatum and are positively linked to ERK phosphorylation [22, 23] . To determine the role of D1Rs in maintaining basal ERK phosphorylation and in contributing to the scopolamine-stimulated ERK phosphorylation in the striatum, we investigated the effect of a common D1R antagonist SCH23390 on basal and scopolamine-stimulated ERK phosphorylation in the CPu and NAc. As shown in immunoblots, a systemic injection of SCH23390 (0.2 mg/kg, i.p.) induced a significant decrease in pERK1/2 levels in the CPu (Fig. 2a) . The reduction of basal pERK1/2 levels was also seen in the NAc following SCH23390 administration (Fig. 2b) . In addition, SCH23390 (15 min prior to scopolamine) completely blocked the scopolamine-stimulated ERK1/2 phosphorylation in the CPu (Fig. 2a) and NAc (Fig. 2b) . Quantification of pERK2 and ERK2 signals confirmed the impression of immunoblots. All drug treatments had a minimal impact on total ERK1/2 protein levels in the two striatal regions. These data support that D1R activity is required for the maintenance of basal ERK phosphorylation and for the stimulation of ERK phosphorylation by scopolamine in striatal neurons.
D1Rs are expressed in pyramidal output neurons of the mPFC [32, 33] . We thus examined the role of D1Rs in processing basal ERK phosphorylation as well as ERK responses to scopolamine in this region. We observed that SCH23390 alone reduced basal ERK1/2 phosphorylation (Fig. 2c) . SCH23390 also blocked the scopolamine-stimulated ERK1/2 phosphorylation (Fig. 2c) . Total ERK1/2 levels remained unchanged after all drug treatment groups. Thus, D1R activity is also required for basal and scopolamine-stimulated ERK phosphorylation in mPFC neurons.
Effects of the D2R Antagonist on Scopolamine-Stimulated ERK Phosphorylation
To determine the role of D2Rs in processing the scopolamine-stimulated ERK phosphorylation, we examined the effect of the D2R antagonist eticlopride on ERK responses to scopolamine. In the CPu, eticlopride alone (0.5 mg/kg, i.p.) induced a slight but insignificant increase in pERK1/2 levels (Fig. 3a) . Pretreatment with eticlopride (15 min prior to scopolamine) did not alter ERK1/2 responses to scopolamine (5 mg/kg, 10 min prior to tissue collection). The increased level of pERK1/2 in rats treated with Fig. 1 Effects of blockade of mAChRs on ERK1/2 phosphorylation in the rat striatum and mPFC. a Effects of the mAChR antagonist scopolamine on ERK1/2 phosphorylation in the CPu. b Effects of scopolamine on ERK1/2 phosphorylation in the NAc. c Effects of scopolamine on ERK1/2 phosphorylation in the mPFC. Representative immunoblots are shown to the left of the quantified data. Two bands were typically observed in pERK1/2 and ERK1/2 immunoblots (upper bands: pERK1 and ERK1 at 44 kDa; lower bands: pERK2 and ERK2 at 42 kDa). Note that scopolamine time-dependently increased pERK2 levels in the CPu, NAc, and mPFC. Rats were treated with an i.p. injection of scopolamine (5 mg/kg) and were sacrificed at different time points ( (Fig. 3b) . In this region, scopolamine remained its ability to induce a significant increase in ERK1/2 phosphorylation in rats pretreated with eticlopride. These data indicate an insignificant role of D2Rs in processing the scopolamine-stimulated ERK phosphorylation in the two subdivisions of the striatum. In the mPFC, the effect of eticlopride was also tested. We found that eticlopride had no significant influence over ERK responses to scopolamine. As shown in Fig. 3c , scopolamine induced a similar increase in ERK1/2 phosphorylation in rats pretreated with saline or eticlopride. Thus, D2R activity is seemingly not important for the scopolamine-stimulated ERK phosphorylation in the mPFC.
Discussion
In this study, we investigated the role of mAChRs in the regulation of synaptic ERK phosphorylation in adult rat brains. In three major dopamine responsive forebrain regions, we examined the effect of the mAChR antagonist scopolamine on ERK phosphorylation. We found that a single dose of scopolamine induced marked increases in ERK phosphorylation in the synaptosomal samples prepared from the CPu, NAc, and mPFC. These increases were rapid and transient. Pretreatment with a D1R antagonist SCH23390 but not a D2R antagonist eticlopride blocked these increases. These results indicate that there exists a tonic scopolamine-sensitive mAChR activity in the striatum and mPFC that inhibits constitutive phosphorylation of a synaptic sub-pool of ERKs under normal conditions. Blockade of the inhibitory mAChR drive may upregulate ERK phosphorylation via a D1R-dependent pathway. Scopolamine (1 mg/kg, i.p.) decreased ERK phosphorylation in the rat hippocampus [34] , while the mAChR agonist carbachol increased ERK phosphorylation in rat hippocampal slices, which was blocked by the mAChR antagonist atropine [35] . The carbachol-stimulated ERK phosphorylation in the hippocampus is believed to be mediated by M 1 receptors because ERK responses to carbachol were blocked by knocking out M 1 but not M 2 /M 3 /M 4 receptors [36] . In the mouse striatum, the number of pERK immunopositive nuclei was insignificantly altered by an acute injection of scopolamine (1 or 2 mg/kg, i.p., 15 min), although scopolamine increased the number of pERK positive nuclei in the lateral part of the bed nucleus of the stria terminalis and the central nucleus of the amygdala as detected by immunohistochemistry [23] . In this study, we found that scopolamine at a dose of 5 mg/kg induced a significant increase in phosphorylation of synaptic ERKs in the striatum. The upregulation of ERK phosphorylation after scopolamine reveals the existence of a tonic mAChR activity that inhibits striatal synaptic ERK phosphorylation.
With regard to the responsible subtype of mAChRs, M 1 and M 4 mAChRs are both expressed in the striatum [37] with M 4 receptors notably enriched in striatonigral neurons * * [38, 39] . M 1 receptors are known to activate G q proteins [13] , which usually leads to an increase in ERK phosphorylation as seen in the hippocampus (see above). On the contrary, M 4 receptors are coupled with G i/o proteins [13] . As a result, activating M 4 receptors inhibits the cAMP-PKA pathway. Since the cAMP-PKA pathway is positively linked to ERK [40] [41] [42] , scopolamine is likely to stimulate ERK phosphorylation through blocking the M 4 -mediated inhibition of PKA. Of note, D1Rs like M 4 receptors are prominently segregated into striatonigral neurons [43] [44] [45] and the dopamine (cocaine)-stimulated striatal ERK phosphorylation exclusively occurred in striatonigral neurons via activating D1Rs [46] . It should be pointed out that scopolamine used in this study blocks all mAChR subtypes. Thus, whether M 4 receptors are preferentially involved in the effect of scopolamine on striatal ERK needs to be proven experimentally in the future. Additionally, phosphatidylinositol (phosphoinositide) 3-kinases (PI3K) mediated ERK activation in striatal and hippocampal neurons [48, 49] . Thus, it will be intriguing to investigate whether D1Rs and mAChRs cooperatively regulate the PI3K signaling pathway in addition to the cAMP-PKA pathway mentioned above to modulate ERK phosphorylation in striatal neurons.
Alternatively, scopolamine could block the M 4 receptor-mediated inhibition of dopamine release, leading to an increase in dopamine levels in the striatum. Released dopamine in turn stimulates ERK phosphorylation. In support of this indirect presynaptic mechanism, Tzavara et al. [50] found that basal levels of dopamine in the NAc were elevated in M 4 but not M 2 knockout mice due to an increase in dopamine synthesis and release as detected using in vivo microdialysis. However, scopolamine (0.01-1 mg/ kg) did not increase dopamine release in the striatum [51, 52] , while the mAChR agonist carbachol elevated striatal dopamine levels [53] . These data are inconsistent with the notion that scopolamine upregulates ERK phosphorylation via facilitating local dopamine release. Of note, scopolamine increased glutamate levels in the striatum, indicating a tonic inhibition of glutamate release by mAChRs [54] . Thus, there is another possibility that scopolamine increases ERK phosphorylation through stimulating local glutamate release. Future studies need to clarify these possibilities.
Scopolamine at a very low dose (25 µg/kg, i.p.) and at a delayed time point (1 h after injection) did not alter pERK levels in the prefrontal cortex [55] . In this study, we found that scopolamine at 5 mg/kg (7.5 and 15 min after injection) induced a rapid and transient increase in phosphorylation of synaptic ERKs in the mPFC. Thus, the mAChR-mediated cholinergic transmission inhibits ERK phosphorylation in the mPFC under normal conditions. M 1 , M 2 , and M 4 receptors are major subtypes of mAChRs in mPFC neurons [15] . Among them, M 2 /M 4 receptors may be important for the inhibition of ERK phosphorylation given their negative connections to the cAMP-PKA pathway. Furthermore, SCH23390 reduced basal levels of pERK in the mPFC consistent with an early report [56] . The mAChR-mediated inhibition also relies on D1R activity because in the presence of the D1R antagonist, scopolamine induced an insignificant change in ERK phosphorylation. Thus, as can be seen in the striatum, mAChRs and D1Rs in the mPFC act cooperatively to control ERK phosphorylation.
ERK is known to regulate a discrete set of substrates in the nucleus [3, 57] to transcriptionally modulate cellular activity and synaptic plasticity [3, 9, 10] . At synaptic sites, several local substrates of ERK have also been found [reviewed in Ref. 58] . By phosphorylating these synaptic substrates, ERK is believed to directly modulate their function and thereby determine the strength of synaptic transmission. Of note, more substrates of ERK may exist in synaptic structures. Future studies are needed to identify them and evaluate their roles in regulating local synaptic events.
